High-throughput comparative genomics has changed our view of bacterial 8 evolution and relatedness. Many genomic comparisons, especially those 9 regarding the accessory genome that is variably conserved across strains in a
Extent of genome reduction using simulated, short read assemblies. In 1 5 order to understand the effects of short read assembly on the retention of 1 6 sequence from bacterial genomes, we downloaded all completed genomes from 1 7
GenBank with fewer than 10 ambiguities (n=5473) (Table S1) and simulated 1 8 paired-end Illumina MiSeq reads with ART (18) at an average coverage of 75x.
9
We assembled all genomes with SPAdes as it performs well compared to other 2 0 assemblers (27), it recovers larger portions of reference genomes than other 2 1 short read assembly algorithms (28), and we wanted to keep the assembly 2 2 algorithm constant. The sizes of the complete and the simulated genomes were 2 3 compared to understand the extent of reduction due to assembly problems.
4
While the vast majority of the genome was recovered in most cases, some 2 5 genomes showed significant reduction due to short read assembly (Figure 1, 2 6 Table S3 ). The maximum percentage of observed genome reduction was 2 7 approximately 25% in Orientia tsutsugamushi, which has been described as 2 8
having one of the most duplicated genomes (29). In some cases, the simulated 2 9 genome assembly was slightly larger than the complete genome (maximum of 3 0 ~0.76% larger), which may be due to the presence of contigs in the simulated 3 1 genome that should have been merged during assembly.
2
We then calculated the breadth of coverage of the completed genome, at a 3 3 minimum depth of 1x, with simulated reads (Table S3 ). The breadth of coverage where the genomes were also sequenced on the Illumina MiSeq platform. When 4 4 the genome reduction percentages were compared between real and simulated 4 5 reads, similar results were observed (correlation coefficient=0.50) ( Table 1 ). In 4 6 some cases, the Illumina assembly was larger than the completed genome, 1 which may be due to bleed over between multiplexed samples on the same 2 sequencing run (31) or assembly error. This analysis demonstrates that the 3 simulated short reads should be generally representative of the extent of genome 4 reduction across other species.
6
Repeat structure of all genomes. In order to understand the repeat structure of 7 each genome, NUCmer self-alignments were performed on all genomes and the 8 summed repeat regions were divided by the entire genome length. The results 9 demonstrate that several of the genomes with a high level of reduction were also 1 0 highly repetitive ( Figure 3 ). In general, genomes with a low level of repeats also 1 1 had a low level of reduction. The inability to span repeats largely explains the 1 2 reduction in genome size following genome assembly. As mentioned above, 1 3 genome reduction is correlated to breadth of coverage (short read mapping), 1 4 which highlights the limitations of short reads in resolving repeats using 1 5 independent approaches.
6 7
Draft genome assembly effects on comparative genomics. The potential 1 8 effects of a reduced genome on comparative genomics was investigated using 1 9
LS-BSR. The number and length of regions that were missing from the simulated 2 0 genome was calculated (Table S3 ). In 3729 of 5473 queried genomes, there 2 1 were no coding regions (CDSs) that were missing from the simulated genome 2 2 compared to the completed genome, despite seeing simulated genome assembly 2 3 sizes that were up to 16% smaller than the completed genome. Of all simulated 2 4 genomes, 780 were missing more than one CDS identified in the complete 2 5 genome. The maximum number of CDSs missing from a simulated genome 2 6 compared to a completed genome was 48, while the maximum length of coding 2 7 region sequence lost in any genome was approximately 112,000 nucleotides.
8
Reads were aligned to CDSs identified in complete genome assemblies but 2 9 missing from simulated genome assemblies to determine if short read alignment 3 0 could be used to verify the presence or absence of CDSs in a genome. The 3 1 breadth of coverage was determined at a minimum depth of 1X as described with a BSR value of > 0.8 across all genomes tested; in each case, the average 4 6 core genome was calculated across 10 replicates at each level of sampling. The 1 core genome results demonstrate the simulated and completed genomes 2 generally return a consistent core genome size (Figure 4) . Additionally, the pan-3 genome size was slightly larger using simulated reads, which is likely a result of 4 fragmented coding regions that appear to be separate sequences during the 5 clustering step in LS-BSR. The same general trends were observed across each 6 species.
MLST comparisons between complete and simulated genome assemblies.
9
The relationships between bacterial isolates has typically been performed with 1 0 multi-locus sequence type (MLST) approaches (32). To test the quality of 1 1 assembled genomes, we extracted the 7 genes from the E. coli and S. aureus demonstrates that high quality draft genome assemblies can often provide 1 6 important sequence type information for comparison to previous or future studies. 1 However, less is known about how the composition of genomes from diverse 2 species affects the ability to resolve the full genome with short read sequencing 3 technology by keeping the assembly algorithm constant. In this study, we 4 performed a comprehensive analysis of this issue through the assembly of 5 greater than 5000 finished bacterial genomes. The results demonstrate that 6 simulated short read assemblies recovered high percentages of most genomes; 7 however, significant genome reduction was observed in some highly repetitive 8 genomes, which has the ability to affect downstream comparative analyses.
Comparative genomics studies include the identification of genomic features 1 0 that are differentially conserved between genomes from isolates in the same or 1 1 closely-related species. These comparisons are important for identifying gene 1 2 differences that may be associated with diagnostics, virulence, or differential 1 3 phenotypes (39-44). Artifacts generated from the assembly of short read data 1 4 could potentially impact these sorts of comparisons. Our results indicate that 1 5 coding region sequences identified in simulated draft genome assemblies were 1 6 representative of the coding regions identified in complete genomes in most 1 7 cases. Thus, draft assemblies can provide important information on genomic 1 8 feature variation between strains, core and pan-genome comparisons, and 1 9 isolate relationships based upon MLST genes extracted from draft assembles.
0
The results of this study also demonstrate that draft genome quality in public 2 1 repositories is variable and that quality control and filtering should be applied 2 2 prior to comparative genomics studies. The results also indicate that genome 2 3 reduction due to short read assembly can be a problem in downstream analyses 2 4 for some genomes, although the impacts are variable, and perhaps predictable 2 5 based on the repeat structure of a given genome. For large-scale comparative 2 6 analyses, results must be interpreted with these limitations in mind. If missing 2 7 genes are observed between groups of genomes, raw read mapping can be 2 8 used to verify the gene presence or absence, although short read mapping may 2 9 also suffer from some of the same limitations as short read genome assembly.
Additionally, complete genomes representing species or clades of interest can 3 1 provide a reference point for evaluating draft genome assemblies (e.g. provide 3 2 information about repeat structure). This study indicates that draft genome 3 3 assemblies generated from short read data often provide an acceptable 3 4 representation of a bacterial genome for many comparative genomics 
